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Overhanging beamsAbstract The design of the overhanging singly-symmetric I-beams is not sufﬁciently covered in the
current standards and speciﬁcations. The buckling length coefﬁcients speciﬁed in the current
standards and speciﬁcations were ﬁrstly deﬁned by Nethercot (1973) [1], and cover only doubly
symmetric I-sections.
The elastic and inelastic behavior of overhanging singly-symmetric ﬂoor beams subjected to
concentrated load at cantilever tip is investigated in this paper, using the ﬁnite element method.
To this purpose, a geometrically and materially non-linear ﬁnite element model is built. A paramet-
ric study is performed considering the effect of mono-symmetric ratio, the un-supported length to
the radius of gyration for lateral-torsional buckling ratio, and different boundary conditions at root
support and cantilever tip on the ultimate moment capacity of the overhanging beams. Beams with
different mono-symmetric ratios are analyzed and the effect of vertical stiffener at root support is
considered in this study. It is found that the different boundary conditions and cantilever length
have signiﬁcant effect on the ultimate moment capacity of such beams.
Based on the analysis results, handy design models for the ultimate moment capacity of
overhanging singly-symmetric ﬂoor beams are developed and presented herein. The numerical
results have been compared to the simple models presented in AISC (2010), Speciﬁcation [2] and
BS 5950-1:2000 [3].
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Center.Introduction and background
When a beam is bent about its major axis, it may twist and
move laterally, before it reaches its elastic/plastic resistance
in bending. Although the problem of lateral-torsional buck-
ling of doubly symmetric I-beams has a well-established
solution, the same beam with singly symmetric I-beam has
not.
A closed form solution of the critical elastic lateral-
torsional buckling moment (Mo) for simply supported doubly
symmetric I-beam loaded by equal and opposite end moments
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Speciﬁcations. At the end supports, the beam was free to warp,
but torsional rotation and lateral deﬂection were prevented.
The critical buckling moment was presented by Timoshenko
and Gere (1961) [4], as follows;
Mo ¼ p
Lb
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
EIyGJþ pE
Lb
 2s
IyCw ð1Þ
where; Mo = elastic critical moment; E=modulus of elastic-
ity; Iy = the second moment of area about minor axis of bend-
ing; Cw = warping constant; Lb = un-braced beam length;
G= shear modulus of steel; and J= torsional constant, and
the product GJ is called the torsional rigidity.
The buckling solution for simply supported singly symmet-
ric section with equal and opposite end moments was ﬁrst
obtained by Goodier, (1942) [5] as follows;
Mo ¼ p
Lb
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where, q is the mono-symmetric parameter, deﬁned as;
q ¼ bx
Lb
ﬃﬃﬃﬃﬃﬃﬃ
EIy
GJ
r
ð3Þ
where, bx is the mono-symmetric property (Wagner effect).
This property accounts for the change in the effective torsional
stiffness from (GJ) to (GJ+Mx bx) due to imbalance in the
components of bending compressive and tensile stresses, which
create a torque as the beam twists during buckling. The mono-
symmetric property was deﬁned as follows;
bx ¼
1
Ix
Z
A
X2ydAþ
Z
A
y3dA
 
 2yo ð4Þ
where; A is the cross section area; X & Y are coordinates with
respect to the centroid; and Yo is the coordinate of shear center.
Timoshinko and Gere (1961) [4], for un-braced cantilever
with doubly symmetric I-section beams expressed the differen-
tial equation of equilibrium using inﬁnite series. They assumed
fully ﬁxity at the cantilever end support and a point load at the
tip applied at the level of the centroid. From the boundary
conditions, an equation for calculating the critical load (Pcr)
was obtained, as follows;
Pcr ¼ c2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
EIyGJ
L2b
s
ð5Þ
where;
c2 Coefﬁcient provided in Table 6-3 of Timoshenko and
Gere (1961) [4].
Trahair, (1983) [6], developed approximate formula to esti-
mate the elastic buckling capacity of built-in cantilevers and
overhanging segments free to warp at the support. The inves-
tigation considered cantilever beams subjected to end moment,
point load and distributed load. Trahair proposed solutions
for doubly symmetric, un-braced, cantilever beams with vary-
ing load height. It was found that the bottom ﬂange loading
signiﬁcantly increases the buckling capacity of cantilevers.
An elastic ﬁnite element program was used to obtain equations
for the critical moment when the load is at the level of the cen-
troid and the equations are as follows;
Point Load at tip,
Mcr ¼ ð3:95þ 3:52XÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
EIyGJ
p
Lb
ð6ÞUniformly distributed Load,
Mcr ¼ ð5:83þ 8:71XÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
EIyGJ
p
Lb
ð7Þ
where;
X ¼ p
Lb
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ECw
GJ
r
ð8Þ
Kitipornchai, et.al, (1986) [7], studied the elastic lateral
buckling of simply supported singly-symmetric I-beams under
gradient moment. Independent solutions are obtained using
the ﬁnite integral method and the Raleigh–Ritz energy
approach. It was found that the present design formula for
the moment modiﬁcation coefﬁcient, (Cb), gives reasonably
accurate values of the buckling capacities only for the beams
with nearly equal ﬂanges. For highly mono-symmetric I-beams
(i.e., q> 0.7 or q< 0.3), the present formula is either unsafe
or over conservative. An alternative approximate buckling
moment formula was proposed.
Andrade, et al. (2007), [8] studied the elastic doubly and sin-
gly-symmetric I-cantilevers. The so-called 3-factor formula
included in the ENV version of Eurocode 3 is one of the most
commonly used general formulae to estimate the elastic critical
moments in steel beams prone to LTB. They extended the
application of this formula to cantilevers by providing approx-
imate analytical expressions to determine the C1, C2 & C3
factors. The study considered the cantilever end support full
built-in or free to warp and subjected to uniformly distributed
load or concentrated tip load.
Nam Hoi, et al. (2007), [9] studied the buckling capacity of
singly-symmetric I-beams under transverse loads. He presented
a more accurate moment gradient correction coefﬁcient (Cb) in
the SSRC Guide (1988), [10] to be applicable for singly-sym-
metric I-beams with transverse loading applied at different
heights with respect to the mid-height of the cross-section.
The AISC (2010) Speciﬁcation [2] uses the Timoshinko and
Gere (1961), [4] equation modiﬁed by a coefﬁcient (Cb) which
accounts for the effect of moment gradient along an un-braced
length. For inelastic buckling, the capacity is interpolated lin-
early between the elastic and plastic buckling moments of
the cross-section. The residual stress is considered by limiting
the elastic stress to the yield stress minus the residual stress.
The equation for elastic buckling moment is as follows;
Mcr ¼ Cb p
Lb
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
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Lb
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IyCw
s
ð9ÞProblem statement
Little has been done to quantify the buckling capacity of
singly-symmetric overhanging I-beams. Most of the standards
and speciﬁcations discussed the doubly symmetric I-section
cantilever beam, while the singly-symmetric I-sections is not
well covered in the current standards and speciﬁcations. The
AISC (2010) Speciﬁcation [2] includes provisions for the design
of beams to prevent lateral-torsional buckling. The design
method uses an equation that was derived for a simply sup-
ported beam with equal and opposite end moments. It is
expected that the equation will not be accurate for overhang-
ing beams hence the buckling behavior for a simply supported
beam will be different.
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ing I-beams cooperated in the BS 5950-1:2000 [3] and SSRC
Guide, (1988), [10] are based on the Nethercot and Rocky rec-
ommendations, (1973), [1]. In addition, the buckling length
coefﬁcients that are used in the current standards and speciﬁ-
cations are based on doubly symmetric I-sections only. In
the previous studies, the type of analysis considered was the
elastic behavior of I-beams, while the geometric and material
nonlinearities in the analysis were not taken into consider-
ation. The inelastic lateral-torsional buckling is not covered
in previous studies.
In the SSRC Guide, (1988), [10] three cases of tip bound-
ary conditions are considered. The ﬁrst case is restraining
the cantilever tip laterally at the top and the bottom ﬂanges.
The second case is restraining the cantilever tip laterally at
the top ﬂange only. The third case is allowing the cantilever
tip to rotate and translate freely. However, the case of bot-
tom ﬂange laterally restrained at cantilever tip is not consid-
ered in the current standards and speciﬁcations. This case is
important when the case of restraining top ﬂange is not
available.
This paper aims to present an accurate numerical study on
buckling of singly-symmetric overhanging I-beams. Due to the
complexity of the problem, the ﬁnite element method is
adopted as a numerical analysis procedure. Using the ﬁnite ele-
ment method, buckling of singly-symmetric overhanging
beams subjected to concentrated load at cantilever tip has been
studied taking into consideration different boundary condi-
tions and various mono-symmetric beam ratios. The geometric
and material non-linearities are considered in the ﬁnite element
model. A parametric type of study has been undertaken to
understand the important parameters that inﬂuence the insta-
bility response.0 
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Fig. 1 Elasto-plastic multi-linear kine
Table 1 Average measured dimensions of specimens and tip latera
Specimen h w b1 t1 b2
OH-1 200 7.4 68 8.2 101
OH-2 200 6.0 60 8.0 100
OH-3 200 5.0 61 8.0 101
OH-4 202 5.5 61 8.0 101
OH-5 200 6.0 60 8.0 101
OH-6 201 6.0 62 8.0 101Finite element modeling and veriﬁcation
A proposed ﬁnite element model is developed to simulate the
behavior of singly-symmetric overhanging I-beams subjected
to concentrated load acting on top ﬂange of cantilever tip.
The model accounts for both material and geometric
nonlinearities.
To ascertain the validity of the ﬁnite element model, inclu-
sive overhanging singly-symmetric ﬂoor I-beams are analyzed
to verify the ﬁndings of the ﬁnite element analysis. Previous
experimental tests are provided to illustrate the various capa-
bilities of the nonlinear ﬁnite element computer package
ANSYS MULTIPHYSICS V.12, [11].
Basem L., (2008), [12] performed experimental tests on
overhanging beams with singly symmetric I-sections subjected
to a point load at the top ﬂange of cantilever tip. Comparisons
with Basem L., (2008), [12] experimental test results are used to
verify the developed ﬁnite element model.
The current study takes into consideration both the geo-
metric and material nonlinearities. The numerical procedure
used is the modiﬁed Newton–Raphson method. Arc-length
control method is adopted throughout the solution routine
of the parametric study. A multi-linear stress–strain response
of the material is used in the analysis, as shown in Fig. 1.
The cross-section of the I-beam was modeled using the cen-
terline distances between the plates. The beam ﬂanges and web
dimensions are shown in Table 1 and illustrated in Fig. 2. The
beam ﬂanges and web are usually divided into shell elements
25 · 25 mm resulting in aspect ratio = 1. In the ﬁnite element
analysis, the initial geometric imperfection is taken into con-
sideration, as shown in Figs. 2 and 3. The out of straightness
(D1) and the ﬂange warpage (D) are presented in Tables 2
and 3. Six overhanging beams with different cross-sections0.04 0.05 0.06 0.07
train
matic hardening stress–strain curve.
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Fig. 2 Initial geometric imperfection for tested specimens.
Fig. 3 Geometric imperfection and boundary conditions Basem, et al. (2008), [12].
Table 2 Average measured ﬂange imperfection for tested
specimen.
Specimen Top ﬂange Bottom ﬂange
D mm Dall = C/250 mm D mm Dall = C/250 mm
OH-1 0.3 6.0
OH-2 2.0 2.0
OH-3 1.7 0.12 0.4 0.2
OH-4 6.0 0.0
OH-5 4.0 2.0
OH-6 4.0 7.0
Table 3 Average measured out-of-plane straightness of the
tested specimen.
Specimen D1 mm Dall mm= (L1 + L2)/1000
OH-1 10 4
OH-2 16 4
OH-3 2 3
OH-4 3 3
OH-5 6 5
OH-6 8 5
Bending strength of singly-symmetric overhanging ﬂoor I-beams 179are modeled with constant back span length (L1), while the
cantilever length (L2) is variable. The overhanging beam is
subjected to point load at the top ﬂange of cantilever end.
The back span end support is fully restrained laterally and tor-
sionally (X, Y and Z directions), while the root support is
restrained vertically and laterally (X and Y directions) and free
to translate longitudinally (Z direction). A stiffener is added at
the cantilever tip to avoid any local failure at load location. A
full depth stiffener is added at mid span of beam’s back span
and restrained laterally at top and bottom ﬂanges to avoid
occurrence of lateral-torsional buckling in back span zone,
as shown in Fig. 4.Where;
q ¼ Iyc=ðIYc þ IYtÞ;
Iyc: second moment of the area of the compression ﬂange
about the minor axis of the beam; IYt: second moment of the
area of the tension ﬂange about the minor axis of the beam;
R: tip laterally and torsionally restrained; F: tip laterally free;
and T: tip top ﬂange laterally restrained.
The ﬁnite element model is veriﬁed through comparison
with available past experimental results, Basem L., (2008),
[12]. The comparison between the results of the experimental
tests and those obtained from the ﬁnite element program is
shown in Table 4. The ﬁnite element model results show good
agreement with the experimental results by Basem L., (2008),
Fig. 4 Finite element model used in veriﬁcation, Basem, et al. (2008), [12].
Table 4 Comparison between the ﬁnite element model results
and the experimental results conducted by Basem, et al. (2008),
[12].
Specimen Tip
condition
Mu Experimental
Kn.m
Mu F.E.M
Kn.m
Mu FEM/Mu
EXP
OH-1 R 74 71.5 0.97
OH-2 T 61.2 60.6 0.986
OH-3 R 55.5 60.23 1.06
OH-4 F 47.6 47.7 1
OH-5 R 58.4 49.43 0.89
OH-6 F 30.8 29.5 0.96
Where;
R: Tip Laterally and Torsionally Restrained,
F: Tip Laterally Free; and
T: Tip Top Flange Laterally Restrained.
180 A.K. Dessouki et al.[12]. They are within a range of +6% and 11% of the exper-
imental results.
The vertical displacements conducted at the tip of the can-
tilever for specimens OH-1 to OH-6, are shown in Fig. 5. The
previous ﬁgures show good agreement with those obtained
experimentally. The previous comparisons emphasize the
validity of the ﬁnite element analysis used in this study. This
facilitates the model to start a parametric study for other
specimens taking into consideration new parameters to be
investigated.
Where; FEM: ﬁnite element model results, and EXP: exper-
imental results concluded by Basem, et al. (2008), [12].
The parameters considered in this study are the mono-sym-
metric ratio of the beam (q) and the cantilever length to the
radius of gyration of lateral torsional buckling (L2/rt) ratio,
in addition to different root supports and cantilever tip bound-
ary conditions. In the ﬁnite element analysis, the initial geo-
metric imperfection is taken into consideration. The out of
straightness (D1) is considered 1/1000 of the total beam length,
while the ﬂange warpage (D) is considered C/250, where ‘‘C’’ is
the half ﬂange width, as shown in Fig. 6. Throughout the para-
metric study, the back span length is kept constant and equals
to 2000 mm, while various values of cantilever length ‘‘L2’’
ranging from 1000 to 6000 mm are considered resulting in a
(L2/L1) ratio ranging from 0.5 to 3. The cross section used in
this study has a mono-symmetric ratio (q) ranging from 0.2
to 0.8. The beam web height (h) is constant for all modelsand equals to 320 mm and thickness (w) equal to 6 mm. The
end support is restrained vertically and longitudinally at the
bottom ﬂange (in Y & Z-directions). The end support is
restrained laterally in (X-direction) at both top and bottom
ﬂanges. The root support is restrained laterally and vertically
(in X & Y- direction) at bottom ﬂange only, while the longitu-
dinal translation (in Z-direction) is permitted at root support,
as shown in Fig. 7.
The boundary condition of the cantilever tip has four dif-
ferent restraining cases, free to rotate and translate, top ﬂange
laterally restrained (top ﬂange restrained in X-direction), bot-
tom ﬂange laterally restrained (bottom ﬂange restrained in
X-direction), top and bottom ﬂanges laterally restrained (top
and bottom ﬂanges restrained in X-direction). Quarter depth
stiffener is added at the cantilever tip to avoid any local failure
at load location. A group of applied concentrated loads is
applied at the top ﬂange of the cantilever tip, as shown in
Fig. 7. The root support boundary conditions considered in
this study are six different types, as shown in Fig. 8. The total
number of the studied cases is 480 cases.
Ultimate moment capacity
Detailed investigation for different root supports is included in
this section. Six different boundary conditions are included in
the analysis. The boundary conditions that are considered are
as shown in Fig. 8. For the single point restraint (SPR) case,
the bottom ﬂange to web junction is restrained laterally and
vertically, while the section is free to rotate. For the bottom
ﬂange restraint (BFR) case, the bottom ﬂange is restrained ver-
tically and laterally. In this case, the global twist of the cross
section will depend on the web ﬂexibility. For the quarter
depth stiffener (QDS) case, the same boundary conditions as
in the bottom ﬂange restraint case are applied. In addition, a
pair of stiffeners is placed on both sides of the web extended
from the bottom ﬂange along the web height. The stiffener
thickness is considered 10 mm throughout the parametric
study. For the half depth stiffener (HDS) case, three quarter
depth stiffener (TQDS) case, and full depth stiffener (FDS)
case, the same boundary conditions as the quarter depth stiff-
ener case are applied, except that the stiffener depth is
extended to half, three quarter, and full depth of the beam
height, respectively.
From the current study, it is found that as the depth of the
stiffener increase, the stiffness of the web against distortion is
increased which leads to the increase of the ultimate moment
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Fig. 5 Load-vertical displacement at cantilever tip for Specimens OH-1 to OH-6. Where; FEM: ﬁnite element model results, and EXP:
experimental results concluded by Basem, et al. (2008), [12].
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moment capacity of the beam can be increased by adding a full
depth stiffener at the root support when compared to the point
restrained root support results. Examination of result curves in
Fig. 9 reveals that the ultimate moment capacity increases as
the root support is restrained against torsion and as the com-
pression ﬂange width increases.
For overhanging ﬂoor I-beams with free cantilever tip, add-
ing full depth stiffener at root support increases the ultimate
moment capacity by up to 83% for beams with short cantilever
length (L2 = 1000 mm) and mono-symmetric ratios ranging
from 0.2 to 0.8 when compared to the point support restrained
root support results. For beams with long cantilever length
(L2 = 6000 mm), adding full depth stiffener increases the ulti-
mate moment capacity by up to 64% for beams with mono-
symmetric ratios from 0.2 to 0.8 when compared to the point
support restrained root support, as shown in Fig. 9a and b.
For overhanging ﬂoor I-beam with laterally restrained top
ﬂange at cantilever tip, adding full depth stiffener at rootsupport increases the ultimate moment capacity of the beam
by up to 38% for beams with short cantilever length
(L2 = 1000 mm) and mono-symmetric ratios ranging from
0.5 to 0.8. However, the ultimate moment capacity increases
by up to7% for beams with mono-symmetric ratios ranging
from 0.2 to 0.3. Adding full depth stiffener at root support
increases the ultimate moment capacity by up to 12% for
beams with long cantilever lengths (L2 = 6000 mm) and
mono-symmetric ratios ranging from 0.2 to 0.8 when com-
pared to point restrained root support, as shown in Fig. 9c
and d.
For overhanging ﬂoor I-beam with laterally restrained bot-
tom ﬂange at cantilever tip, adding full depth stiffener at root
support increases the ultimate moment capacity of the beam
by up to 80% for beams with short cantilever length
(L2 = 1000 mm) and mono-symmetric ratios ranging from
0.2 to 0.8. Adding full depth stiffener at root support is found
to be insigniﬁcant for beams with long cantilever lengths
(L2 = 6000 mm) and mono-symmetric ratios ranging from
Fig. 6 Geometric initial imperfection and boundary conditions used in parametric study.
Fig. 7 Finite element mesh and boundary conditions used in parametric study.
182 A.K. Dessouki et al.0.2 to 0.8 when compared to point restrained root support, as
shown in Fig. 9e and f.
For overhanging ﬂoor I-beam with laterally restrained top
and bottom ﬂanges at cantilever tip, adding full depth stiffener
at root support increases the ultimate moment capacity of the
beam by up to 43% for beams with short cantilever length
(L2 = 1000 mm) and mono-symmetric ratios ranging from
0.2 to 0.8. Adding full depth stiffener at root support increases
the ultimate moment capacity by up to 25% for beams with
long cantilever lengths (L2 = 6000 mm) and mono-symmetric
ratios ranging from 0.2 to 0.5 when compared to point
restrained root support. However, it is found to be insigniﬁ-
cant for beams with mono-symmetric ratios ranging from 0.7
to 0.8, as shown in Fig. 9g and h.
In case of overhanging ﬂoor beams with large compression
ﬂange width having mono-symmetric ratio ranging from 0.7 to
0.8, the ultimate moment capacity is found to be similar in the
three different cases of boundary conditions at the cantilever
tip, as shown in Fig. 11a–f. For beams with short cantilever
length and mono-symmetric ratios ranging from 0.2 to 0.5,
the ultimate moment capacity for I-beam with top ﬂangelaterally restraint cantilever tip is higher than the beams with
bottom ﬂange restraint cantilever tip by up to 72%. For beams
with long cantilever length and mono-symmetric ratios ranging
from 0.2 to 0.5, the ultimate moment capacity for I-beam with
top ﬂange laterally restraint cantilever tip is higher than the
beams with bottom ﬂange restrained cantilever tip by up to
27%, as shown in Fig. 11g–l.Effect of mono-symmetric ratio (q) and cantilever length (L2) on
the ultimate moment capacity of the overhanging ﬂoor beam
In the extended parametric study, various compression ﬂange
widths (b1) are considered. The compression ﬂange width var-
ies from 64 to 160 mm presenting beams with mono-symmetric
ratios (q) varying from 0.2 to 0.8. Increasing the ﬂange width
results in an increase in the cross-section moments of inertia
‘‘Ix and Iy’’, and the radius of gyration of the lateral-torsional
buckling ‘‘rt’’; this accordingly leads to the increase of the ulti-
mate moment capacities of the overhanging beams. Fig. 12a–h
shows that the ratio of the ultimate moment capacity to the
Fig. 8 Different root support boundary conditions.
Bending strength of singly-symmetric overhanging ﬂoor I-beams 183plastic moment of the beam (Mu/Mp) increases when the com-
pression ﬂange width increases.
Fig. 12a–f shows the relation between the ultimate
moments to the plastic moment ratios, (Mu/Mp), obtained at
the root of the cantilever against the (L2/rt) ratio. The ﬁgures
show that for all studied cross-sections, the ultimate moment
capacity decreases with the increase of the overhanging length.
This applies for all considered boundary conditions. This
resulted from the decrease of the bending stiffness of the
overhanging part of the beam. Fig. 12a and b shows that for
overhanging beams with free cantilever tip the beam behavior
is in the inelastic zone for short length cantilevers and tend to
be elastic for long cantilever lengths. (see Figs. 10 and 13).
In case of overhanging ﬂoor I-beams with free cantilever tip
or top ﬂange laterally restrained cantilever tip, and root sup-
port restraint using vertical stiffeners, the ratio between the
ultimate moment capacity and the plastic moment of the beam
(Mu/Mp) increases by a percentage up to 46% when the com-
pression ﬂange increases from 64 mm (q= 0.2) to 160 mm
(q= 0.8) for short cantilever lengths. However, in case of
overhanging I-beams with cantilever tip laterally restraint at
bottom ﬂange, the ratio between the ultimate moment capacity
and the plastic moment of the beam (Mu/Mp) increases by a
percentage up to 74% when the compression ﬂange increases
from 64 mm (q= 0.2) to 160 mm (q= 0.8) for short cantile-
ver lengths.
The increase in the ratio between the ultimate moment
capacity and the plastic moment of the beam (Mu/Mp) is found
to be negligible in case of overhanging ﬂoor I-beams with short
cantilever lengths and cantilever tip restraint laterally at the
top and bottom ﬂanges. However, it reaches to an increase
in (Mu/Mp) 12% when the root support is restraint using full
depth stiffener.
For overhanging I-beams with long cantilever lengths, it is
found that increasing the compression ﬂange width from64 mm (q= 0.2) to 160 mm (q= 0.8) affects the ratio between
ultimate moment capacity and the plastic moment of the beam
(Mu/Mp) by a percentage up to 77% for all cases of tip bound-
ary conditions considered in this study.
Fig. 12a–h shows that for overhanging beams with top
ﬂange laterally restraint cantilever tip or bottom ﬂange
laterally restraint cantilever tip, the beam behavior is within
the plastic to inelastic zones for large mono-symmetric ratios
ranging from 0.8 to 0.5. However, the beam behavior is found
to be in the elastic zone for small mono-symmetric ratios rang-
ing from 0.2 to 0.3. For overhanging I-beams with cantilever
tip laterally restraint at top and bottom ﬂanges, the beam
behavior tends to be in the plastic to inelastic zone for almost
all mono-symmetric ratios except those beams with mono-
symmetric ratios 0.2.
It is concluded from the parametric study that as the
compression ﬂange width decreases, the beam behavior tends
to be in the elastic zone. In addition that when the restraining
condition at the cantilever tip is stiffer, the beam behavior
tends to be closer to the plastic zone.
Standards and speciﬁcations
The ultimate moment capacities of overhanging singly
symmetric I-beams resulted from the parametric study are
compared with those computed according to various
Standards and Speciﬁcations as shown in Figs. 13a–h.
For overhanging I-beams with free cantilever tip, the AISC
(2010) Speciﬁcation, [2] results are found to be un-conservative
by up to 36% when compared to the FEM results for beams
with varied cantilever lengths ranging from 1000 to 6000 mm
having root support restraint using full depth stiffener (FDS)
and mono-symmetric ratios ranging from 0.2 to 0.8. However,
the AISC (2010) is found to be conservative in case of
overhanging beams with long cantilever length and small
mono-symmetric ratios (q= 0.2) by up to 36% when com-
pared to FEM results for beams with root support restraint
using full depth stiffener (FDS).
For overhanging I-beams with top and bottom ﬂanges
laterally restrained cantilever tip and short cantilever lengths,
the AISC (2010) Speciﬁcation, [2] results coincide with the
FEM results for beams with root support being restrained
using full depth stiffener (FDS). However, for overhanging
beams with long cantilever lengths the AISC (2010) Speciﬁca-
tion, [2] results are found to be conservative by up to 59%
when compared to the FEM results for overhanging beams
with root support restraint using full depth stiffener (FDS)
and mono-symmetric ratios ranging from 0.2 to 0.8.
In case of overhanging beams with laterally restraint top
ﬂange at cantilever tip and short cantilever length with large
mono-symmetric ratios (q= 0.8), the AISC (2010) Speciﬁca-
tion, [2] results coincide with the FEM results for beams having
root support restraint using full depth stiffener (FDS). How-
ever, the AISC (2010) Speciﬁcation, [2] results are found to
be un-conservative by up to 38% when compared to FEM
results for beams with point restraint root support (SPR). In
case of overhanging beams with small mono-symmetric
(q= 0.2), the AISC (2010) Speciﬁcation, [2] results are found
to be un-conservative by 39% when compared to beams with
root support restraint using full depth stiffener (FDS). For
overhanging beams with long cantilever lengths, the AISC
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Bending strength of singly-symmetric overhanging ﬂoor I-beams 185(2010) Speciﬁcation, [2] results are found to be conservative by
up to 46% when compared to the FEM results for overhanging
with root support restraint using full depth stiffener (FDS).
For overhanging beams with free cantilever tip and short
cantilever lengths, the BS 5950-1:2000, [3] results coincide with
the FEM results for beams with full depth restraint root sup-
port (FDS), however found to be conservative by up to 44%
in case of beams with bottom ﬂange restraint root support(BFR) for beams with large mono-symmetric ratios
(q= 0.8). However, in case of overhanging beams with small
mono-symmetric ratios (q= 0.2), the BS 5950-1:2000, [3]
results are found to be conservative by up to 53% for beams
with short cantilever lengths. For overhanging beams with
long cantilever lengths, the BS 5950-1:2000, [3] results are
found to be conservative by up to 86% for beams with
mono-symmetric ratios ranging from 0.2 to 0.8.
Fig. 11 Ultimate moment capacity to plastic moment capacity ratios for beams with different conditions.
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top ﬂange and with short cantilever lengths, the BS5950-
1:2000, [3] results are conservative by up to 45% for beams
with large mono-symmetric ratios (q= 0.8) while BS5950-
1:2000, [3] are found to be conservative by up to 81% for
beams with small mono-symmetric ratios (q= 0.2). For long
cantilever lengths, the BS5950-1:2000, [3] results are found to
be conservative by up to 95% for beams with mono-symmetric
ratios ranging from 0.2 to 0.8.
For overhanging beams with cantilever tip restraint at top
and bottom ﬂanges with short cantilever lengths, the
BS5950-1:2000, [3] results coincide with the FEM results for
beams with large mono-symmetric ratios (q= 0.8) while the
BS5950-1:2000, [3] results are found to be conservative by up
to 70% for beams with small mono-symmetric ratios(q= 0.2). In case of beams with long cantilever lengths, the
BS5950-1:2000, [3] results are found to be conservative by up
to 88% for beams with mono-symmetric ratios ranging from
0.2 to 0.8.
Proposed design model
A handy design model for overhanging singly symmetric ﬂoor
I-beam subjected to bending moment about the major axis is
proposed. The development of this design model is based on
the parametric study performed using ﬁnite element analysis
described previously. In the proposed design model, the ulti-
mate moment capacity is a function of the mono-symmetric
ratio of the cross section (q) and the cantilever length to the
radius of gyration for lateral-torsional buckling ratio (L2/rt).
Fig. 11 (continued)
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using wide range of cantilever.
The Ultimate moment capacity for overhanging ﬂoor
I-beams for different root supports and cantilever tip boundary
conditions can be computed as follows;
a. Free cantilever tip:
i. Point restrained at root support;
Mu=Mp ¼ aþ bqþ cðL2=rtÞ þ dq2 þ eðL2=rtÞ2 þ fqðL2=rtÞ
þ gq3 þ hðL2=rtÞ3 þ iqðL2=rtÞ2 þ jðL2=rtÞq2 ð10Þii. Bottom ﬂange restrained, quarter depth stiffener, half
depth stiffener, three quarter depth stiffener or full
depth stiffener at root support;
Mu=Mp ¼ aþ bqþ cq2 þ dq3 þ eq4 þ f=ðL2=rtÞ þ g=ðL2=rtÞ2
3 4 5þ h=ðL2=rtÞ þ i=ðL2=rtÞ þ j=ðL2=rtÞ ð11Þ
b. Laterally restrained bottom ﬂange at cantilever tip:
i. For all six cases of boundary conditions at root support;
Mu=Mp ¼ aþ bqþ cq2 þ dq3 þ eq4 þ f=ðL2=rtÞ þ g=ðL2=rtÞ2þ h=ðL2=rtÞ3 þ i=ðL2=rtÞ4 þ j=ðL2=rtÞ5 ð12Þ
Fig. 12 Comparison of beam behavior for different mono-symmetric ratios and support boundary conditions.
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Fig. 13 Comparison of beam behavior for different mono-symmetric ratios and support boundary conditions with the standards and
speciﬁcations.
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i. Point restrained and bottom ﬂange restrained at root
support;
Mu=Mp ¼ aþ bqþ cq2 þ dq3 þ eq4 þ f=ðL2=rtÞ þ g=ðL2=rtÞ2
þ h=ðL2=rtÞ3 þ i=ðL2=rtÞ4 þ j=ðL2=rtÞ5 ð13Þ
ii. Quarter depth stiffener, half depth stiffener, three quar-
ter depth stiffener or full depth stiffener at root support;
Mu=Mp ¼ aþ b=qþ cðL2=rtÞ þ d=q2 þ eðL2=rtÞ2
3 2þ fðL2=rtÞ=qþ g=q3 þ hðL2=rtÞ þ iðL2=rtÞ =q
þ jðL2=rtÞ=q2 ð14Þ
d. Laterally restrained top and bottom ﬂanges at cantilever tip:
i. For all six cases of boundary conditions at root support;Mu=Mp ¼ aþ bqþ cq2 þ dq3 þ eq4 þ fðL2=rtÞ þ gðL2=rtÞ2
þ hðL2=rtÞ3 þ iðL2=rtÞ4 þ jðL2=rtÞ5 ð15Þ
where;Mu/Mp = ratio between ultimate moment capacity and
plastic moment; q=mono-symmetric ratio; L2 = Un-braced
beam length (Cantilever length); rt = radius of gyration for
lateral-torsional buckling, and a,b,c,d,e,f,g,h,i and j= the con-
stants in the proposed model in Eqs. (10)–(15) are to be consid-
ered, based on the regression analysis, as in Tables 5 to 8,
respectively.
A comparison between the ultimate moment capacity of
overhanging singly-symmetric I-beams computed according
to the design model and that computed according to various
Standards and Speciﬁcations is conducted. In addition a com-
parison between the FEM results and the results obtained
through the proposed design model is performed.
For overhanging singly-symmetric I-beams with free canti-
lever tip, The values obtained from the proposed design
model are found to have average deviation of 7%, thus
conﬁrming the fact that the loads predicted by using the
Fig. 13 (continued)
190 A.K. Dessouki et al.proposed design model are close to the corresponding values
obtained from the ﬁnite element analysis. The maximum
deviation found is 26% in 18 readings out of 480 reading.
The proposed design model results have average standard
deviation of 0.0297 and R2 equals to 0.995, as shown in
Table 9, where R2 is the square of the correlation coefﬁcient
between the observed and modeled data value. Values of R2range from zero to 1, where zero indicates no correlation and
1 indicates perfect correlation.
Conclusions
Lateral torsional buckling of overhanging singly symmetric
ﬂoor I-beam has not been studied in detail. Previous research
Fig. 13 (continued)
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beams and a few studied the behavior of such beams in the
inelastic range. In current Standards and Speciﬁcations, the
buckling coefﬁcients adopted are those computed by Nether-
cot and Rockey (1973), [1] that were based on simply sup-
ported beams and doubly symmetric sections. Previous
studies investigated the buckling capacities of cantilever beams
under idealized boundary and loading conditions (support andloading at shear center). The AISC (2010) Speciﬁcation, [2]
considers the load applied along the beam centroidal axis
and does not take the effect of stabilizing and destabilizing
loads.
In this paper, the lateral-torsional buckling of overhanging
singly symmetric ﬂoor beams is studied in detail. First, the
effect of support location and different boundary conditions
at the root support and cantilever tip were investigated and
Table 5 Proposed model constants for overhanging ﬂoor beam with free cantilever tip for Eqs. (10) and (11).
Root support a b c d e f g h i J
Point support 0.015 0.214 0.00106 0.586 6.8E-06 0.0031 0.552 9.8E-09 4E-06 0.003
Bottom ﬂange support 0.06 1.06 5.13 8.81 4.89 64.82 6808.4 3.37E05 7.8E06 6.8E07
Quarter depth stiﬀener 0.18 3.614 15.212 24.44 13.09 20.46 1239.2 2.07E05 7.93E06 9.104E7
Half depth stiﬀener 0.17 2.763 11.161 17.21 8.895 32.85 1270 2.4E05 9.032E06 1.02E08
Three quarter depth stiﬀener 0.13 1.06 4.07 5.91 2.9 76.95 4326.4 8.5E04 7.314E05 2.6E07
Full depth stiﬀener 0.2 1.436 5.9 8.9 4.51 107 8634.8 3.5E05 6E06 3.5E07
Table 6 Proposed model constants for overhanging ﬂoor beam with laterally restrained bottom ﬂange at cantilever tip for Eqs. (12).
Root support a b c d e f g h i j
Point support (SPR) 1.274 17.45 67.517 106.84 56.6 18.45 2092.45 1.25E05 2.8E06 2.2E07
Bottom ﬂange support (BFS) 1.34 16.2 62.27 97.8 51.47 62.03 7502 4E05 1E07 9.7E07
Quarter depth stiﬀener (QDS) 0.534 7.05 30.13 52.73 29.7 92.2 1.2E04 7.7E05 2.3E07 2.32E08
Half depth stiﬀener (HDS) 0.536 6.614 28.8 50.143 28 122.6 1.5E04 9.3E05 2.65E07 2.7E08
Three quarter depth stiﬀener (TQDS) 0.83 10.23 41.6 67.4 36 97 6784 3.04E05 7.6E06 7.4E07
Full depth stiﬀener (FDS) 1.1 12.9 50 78 40.8 88.14 4176 1.3E05 3.14E06 3.46E07
Table 7 Proposed model constants for overhanging ﬂoor beam with laterally restrained top ﬂange at cantilever tip for Eqs. (13) and
(14).
Root support a b c d e f g h i j
Point support (SPR) 0.44 2.45 8.47 13.64 7.3 226.8 23373 1.1E06 2.4E07 1.94E08
Bottom ﬂange support (BFR) 0.361 2.154 7.82 13.14 7.16 213.4 21726.94 1.01E06 2.2E07 1.77E08
Quarter depth stiﬀener (QDS) 1.7 0.916 0.002 0.238 2.24E-05 6.4E-04 2.13E-02 3.3E-08 2.5E-07 5.32E-05
Half depth stiﬀener (HDS) 1.754 0.918 1.43E-03 0.23 2.3E-05 1.04E-03 2E-02 3.72E-08 5.85E-07 9E-05
Three quarter depth stiﬀener (TQDS) 1.704 0.84 1.3E-03 0.205 2.33E-05 1.02E-03 1.8E-02 3.95E-08 1.04E-06 6.1E-05
Full depth stiﬀener (FDS) 1.743 0.854 9.78E-04 0.204 2.34E-05 1.21E-03 1.72E-02 3.56E-08 4.42E-07 1.14E-04
Table 8 Proposed model constants for overhanging ﬂoor beam with laterally restrained top and bottom ﬂanges at cantilever tip for
Eq. (15).
Root support a b c d e f g h i j
Point support (SPR) 0.037 1.573 4.83 7.6 4.2 0.0146 1.18E-04 3.45E-07 4.04E-10 1.31E-13
Bottom ﬂange support (BFR) 0.294 1.175 2.62 3.24 1.47 6.34E-03 1.29E-05 2.41E-07 1E-09 1.18E-12
Quarter depth stiﬀener (QDS) 0.8 5.02E-02 1.09 2.04 1.12 3.1E-03 1.94E-05 9.03E-08 5.4E-10 6.53E-13
Half depth stiﬀener (HDS) 0.938 0.894 4.4 6.82 3.54 2.31E-03 1.7E-05 7.04E-08 4.15E-10 4.7E-13
Three quarter depth stiﬀener (TQDS) 0.88 0.21 2.4 4.5 2.64 1.33E-03 2.73E-06 1.6E-07 6.6E-10 7.1E-13
Full depth stiﬀener (FDS) 1.014 0.873 4.33 6.79 3.56 1.38E-04 1.72E-05 2.86E-07 1.02E-09 1.09E-12
192 A.K. Dessouki et al.compared with results computed from different Speciﬁcations
and Standards. Then beams with different cross-section
mono-symmetric ratios were investigated.
The following can be concluded from this study:
 When boundary conditions preventing the twist of the
top ﬂange at the root support are considered, higher
buckling capacities could be attained. Restraining the
top ﬂange of the cantilever tip (tension ﬂange) is found
to be more effective than restraining the bottom ﬂange
at the cantilever tip laterally, especially for beams with
small mono-symmetric ratios. The ultimate moment
capacity in case of top ﬂange cantilever tip laterallyrestraint is higher by up to 72% than the ultimate
moment capacity of beams with bottom ﬂange laterally
restrained.
 Restraining the top and bottom ﬂanges laterally at canti-
lever tip gives higher ultimate moment capacity by up to
78% than beams with bottom ﬂange laterally restraint
cantilever tip.
 Adding full depth vertical stiffener at the root support is
found to be very effective and increases the ultimate
moment capacity of singly-symmetric overhanging I-
beams. The ultimate moment capacities tend to increase
with an increase in the depth of the stiffener plate placed
at the root support by up to 83% when compared to the
Table 9 Standard deviation and correlation coefﬁcient (R2)
values for the proposed design models.
Root support R2 Standard deviation
Overhanging ﬂoor I-beam with
laterally restraint bottom ﬂange
at cantilever tip
Point Support 0.918 0.0108
Bottom ﬂange support 0.949 0.0118
Quarter depth stiﬀener 0.99 0.0125
Half depth stiﬀener 0.996 0.012
Three quarter depth stiﬀener 0.986 0.0269
Full depth stiﬀener 0.977 0.035
Over-hanging ﬂoor I-beam with
free cantilever tip
Point Support 0.9807 0.0562
Bottom ﬂange support 0.9834 0.0478
Quarter depth stiﬀener 0.9704 0.06737
Half depth stiﬀener 0.982 0.0537
Three quarter depth stiﬀener 0.986 0.0473
Full depth stiﬀener 0.968 0.0716
Overhanging ﬂoor I-beam with
top and bottom ﬂanges laterally
restraint at cantilever tip
Point Support 0.986 0.0295
Bottom ﬂange support 0.987 0.0297
Quarter depth stiﬀener 0.99115 0.02786
Half depth stiﬀener 0.995 0.02128
Three quarter depth stiﬀener 0.995 0.022
Full depth stiﬀener 0.996 0.0199
Over-hanging ﬂoor I-beam with
laterally restraint top ﬂange
at cantilever tip
Point Support 0.9897 0.02745
Bottom ﬂange support 0.997 0.0154
Quarter depth stiﬀener 0.9935 0.0273
Half depth stiﬀener 0.9956 0.02198
Three quarter depth stiﬀener 0.996 0.0215
Full depth stiﬀener 0.996 0.0214
Bending strength of singly-symmetric overhanging ﬂoor I-beams 193point restrained root support for overhanging beams
with free cantilever tip and by up to 43% in case of
beams with top and bottom ﬂanges laterally restraint
at cantilever tip.
 Handy design models for overhanging singly-symmetric
ﬂoor I-beams are proposed and applicable for sections
having mono-symmetric ratios ranging from 0.2 to
0.8. Additional studies are required to ﬁnd out the
applicability of these equations to sections with smaller
or higher values of mono-symmetric ratios.
 The AISC (2010) Speciﬁcation,[2] results varied from
over conservative by up to 59% to un-conservative by
up to 39%.
 The BS 5950-1:2000, [3] results varied from over conser-
vative by 95% to un-conservative by 40%.
 The AISC (2010) Speciﬁcation, [2] and BS 5950-1:2000,
[3] are not suitable for the case of overhanging singly-
symmetric I-beam. The effective buckling length coefﬁ-
cient considered in current standards and speciﬁcations
requires more study to be modiﬁed for the case of over-
hanging singly-symmetric I-beams.List of symbols
Cw warping constant
E modulus of elasticity
G shear modulus of steel
Iy the second moment of area about minor axis of bending
Iyc second moment of the area of the compression ﬂange
about the minor axis of the beam
IYt second moment of the area of the tension ﬂange about
the minor axis of the beam
J torsional constant, and the product GJ is called the
torsional rigidity
L1 back span length
L2 cantilever length
Lb un-braced beam length
Mo elastic critical moment
Mu/Mp ratio between ultimate moment capacity and plastic
moment
rt radius of gyration for lateral torsional buckling
q mono-symmetric ratio
q Iyc/(IYc + IYt)References
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